The feasibility of alleviating torsional fretting wear of the blade bearing by preparing PVD TiCN coating was studied. The results show that the friction torque was highly influenced by the wear debris acting as the solid lubricant. The TiCN coating reduced the wear volume by 97.6% and 62.3% in oil and artificial seawater, respectively, which was mainly due to an increase in surface hardness. In oil, the produced sulfates and phosphates prevent seizures between the friction pair and the worn surface was characterized by polishing wear. In artificial seawater, the wear mechanism was a combination of mechanical wear and corrosion wear. This study reveals that the TiCN coating is suitable for alleviation of fretting wear in the blade bearing.
Introduction
Fretting is the micro-scale relative sliding between contact interfaces due to external vibration [1, 2] . This happens in many components, such as the bolt connection, blade/disk interface and steel wire in hoisting ropes [3, 4] . Reducing fretting damage can help to prolong the service life of mechanical components [5] .
Due to its complexity, the measures for alleviation of fretting wear are varied and sometimes contradictory. Fu et al. [6] summarized three commonly used methods, including design optimization, use of lubricants and adoption of surface engineering. In recent years, the development of methods based on PVD technology allows for the preparation of coatings with excellent wear resistance [7] . Many researchers studied the effect of PVD coating by comparing this with the uncoated matrix material. Wu et al. [8] comparatively investigated the fretting performance of PVD TiN coating and high-speed steel under different relative humidity and normal loads. Sung et al. [9] compared the wear volumes and wear mechanisms of TiN coated and uncoated zircaloy-4 tubes with a cylinder-to-cylinder contact test rig. Larbi et al. [10] investigated the fretting damage of multilayer PVD TiAlCN/TiAlCN/TiAl coating and uncoated AISI 4140 steel. Wu et al. [11] studied the fretting behavior of PVD TiN coated steel by comparing this with the uncoated steel in different aqueous solutions, including distilled water, seawater and sodium phosphate solutions. All the above-mentioned studies found that the PVD coatings showed excellent fretting wear resistance.
However, almost all the experimental tests were conducted under the tangential mode with point contact. However, in real applications, many fretting failures happen under other fretting modes and contact forms. For example, in the railway system, rotational fretting occurs in the locomotive wheel-set locomotive wheel-set fitting surfaces with concave-on-concave contact. Besides, many ball and socket joints experience dual rotary fretting (combined with the rotational and torsional fretting) with curveon-curve contact [12] . The pressure distribution, third body and lubricating behavior vary with a change in fretting modes and contact forms [13] , leading to the differences in fretting running behaviors and wear mechanisms. Thus, it is meaningful to study PVD coating under other fretting modes and contact forms.
As shown in Figure 1 , in a CPP, the blade bearing is composed of a blade foot, blade carrier and the hub. According to a previous study [14] , when the propeller rotates and the pitch is fixed, fretting occurs at the inner radial part of the blade bearing due to a change in sea state. The fretting should be classified as torsional fretting with flat contact [15] . The most commonly used materials for the hub and the blade carrier are CuNiAl and 42CrMo4, respectively. The wear of the hub part is more serious due to the lower hardness of CuNiAl. The hub is processed in an integrated way so a comprehensive property should be considered in the selection of material. Although some materials can have more excellent anti-wear properties, they may have low corrosion resistance or strength. The CuNiAl has an excellent comprehensive property and cannot be easily replaced by other materials. When the material is unchanged, preparing the coating is a good way to improve the wear resistance. Preparing the soft PTFE(Teflon) coating has been proven to be infeasible by Godjevac et al. [14] and they subsequently recommended hard coatings. Among the PVD coatings, the TiCN coating has been increasingly studied [16] , which has the common features and excellent performance of TiN and TiC [17, 18] . It can bond well on the substrate [19] and exhibit excellent corrosion [20] and wear [21] resistance. However, almost all the existing TiCN coating studies focus on the sliding wear properties and the investigations on the fretting properties are limited. [14] .
In this study, the feasibility of alleviating torsional fretting wear of the blade bearing by preparing a PVD TiCN coating was investigated. This was compared with the uncoated CuNiAl. The influence of normal loads and lubricating mediums, including oil and artificial seawater, were discussed. This study can not only deepen our understanding of the PVD TiCN coating, but also provide guidance for alleviation of fretting wear in the blade bearing.
Experimental Method and Materials

Specimens
As in our previous studies [22, 23] , the 42CrMo4 and CuNiAl were chosen for the upper and lower specimens, respectively. The contact between the blade carrier and the hub is a full ring contact at the inner radial part (Figure 1 ) and the fretting can be simulated by applying a normal load over the small-amplitude reciprocating rotation friction pair (Figure 2(a) ). In the specimen design, the lower specimens were machined to have dimensions of 15 mm × 50 mm. The upper specimens were designed by cutting a raised ring with just two 45° sectors left (Figure 2(b) ) so the contact between the upper and lower specimens was a partial ring. Reducing the contact area can help to increase the [14] .
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Analysis Methods
Surface morphology of the TiCN coating was examined by an OLYMPUS optical-digital DSX 510 microscope (Tokyo, Japan). The phase analysis of the deposited coating was conducted by means of X-ray diffractometer (BRUCKER, D8 ADVANCE (karlsruhe, Germany)) using the grazing angle mode and the incident beam angle was set at 3 • [26] . The nanohardness measurement was carried out with a nanoindenter (Anton Parr NHT2), using a triangular diamond Berkovich pyramid [27] .
During the fretting process, the variation of friction torques with time was recorded. After the fretting tests, the debris on the worn surface was ultrasonically cleaned in the alcohol before the optical morphology and 3D profile of the worn surface were obtained with the optical digital microscope [28, 29] . The wear volume was acquired by analyzing the 3D profile using a OLYMPUS Stream contained in the microscope. A scanning electron microscope (SEM, Quanta 3D FED (Göttingen, Germany)) with energy dispersive spectroscope (EDX) was used for high magnification observation and chemical element analysis [30] . An X-ray photoelectron spectroscope (XPS, VG Multilab 2000 (Waltham, Massachusetts, America)) was used to explore the composition in the worn area.
Results and Discussion
Microstructure
An X-ray diffractometer (XRD, XRD-7000S (Kyoto, Japan)) was used for the phase analysis of the coating, as shown in Figure 4 . It can be seen that the phase is a combination of TiCN and the matrix [31] . The preferred orientation of TiCN is the (200) crystal plane.
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Friction Behavior
Friction torque curves of CuNiAl and TiCN coating fretting against 42CrMo4 under different test conditions are shown in Figure 8 . All the friction torque curves show similar characteristics. The first part is the running-in phase with the friction torque rises rapidly while the second part represents a decrease in the friction torque before running into the stable stage. The reason for this decrease is the interface becoming smoother after the running in process. Besides, the generated wear debris combined with the lubricating medium formed a hydrated surface layer, which decreases the friction as a result of the low shear strength [34] . The stable friction torque was calculated by averaging the friction torque of the last 30000 cycles: 60000 30000 1 30000
where i T refers to the friction torque of the number i cycle.
As can be seen from Figure 9 (a), in oil, the friction torque of CuNiAl is higher than that of TiCN coating at 43 N and 86 N, while the opposite occurs at 106 N. There suggests that the friction torque was affected by both the initial surface conditions and the generated wear debris [35] [36] [37] . In oil and at low normal loads, little debris was produced so the initial surface condition played a more important role. The TiCN coating surface was distributed with a large number of particles and pits. This reduces the friction torque by decreasing the actual contact area [38] so the friction torque was lower for the TiCN coating. At 106 N, the wear for both CuNiAl and TiCN coating was aggravated. In this case, the friction torque was influenced more by the wear debris. The wear rate was higher for the CuNiAl than for the TiCN coating (to be discussed in the next section) as the CuNiAl produced 
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As can be seen from Figure 9 (a), in oil, the friction torque of CuNiAl is higher than that of TiCN coating at 43 N and 86 N, while the opposite occurs at 106 N. There suggests that the friction torque was affected by both the initial surface conditions and the generated wear debris [35] [36] [37] . In oil and at low normal loads, little debris was produced so the initial surface condition played a more important role. The TiCN coating surface was distributed with a large number of particles and pits. This reduces the friction torque by decreasing the actual contact area [38] so the friction torque was lower for the TiCN coating. At 106 N, the wear for both CuNiAl and TiCN coating was aggravated. In this case, the friction torque was influenced more by the wear debris. The wear rate was higher for the CuNiAl than for the TiCN coating (to be discussed in the next section) as the CuNiAl produced The stable friction torque was calculated by averaging the friction torque of the last 30000 cycles:
where T i refers to the friction torque of the number i cycle.
As can be seen from Figure 9a , in oil, the friction torque of CuNiAl is higher than that of TiCN coating at 43 N and 86 N, while the opposite occurs at 106 N. There suggests that the friction torque was affected by both the initial surface conditions and the generated wear debris [35] [36] [37] . In oil and at low normal loads, little debris was produced so the initial surface condition played a more important role. The TiCN coating surface was distributed with a large number of particles and pits. This reduces the friction torque by decreasing the actual contact area [38] so the friction torque was lower for the TiCN coating. At 106 N, the wear for both CuNiAl and TiCN coating was aggravated. In this case,
the friction torque was influenced more by the wear debris. The wear rate was higher for the CuNiAl than for the TiCN coating (to be discussed in the next section) as the CuNiAl produced more wear debris. According to a previous study [39] , it is difficult to reject the generated wear debris from the fretting interface and it works as a solid lubrication to reduce the friction so the friction torque was lower for the CuNiAl.
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Wear Scar Observation
In order to get an intuitive understanding of the wear degree, the wear scar was firstly observed under the optical digital microscope.
In previous studies, we have studied the optical features of CuNiAl in oil and artificial seawater [40] . As shown in Figure 13 , in oil, the wear occurs mainly at the inner area of the friction interface with the wear scar that has a width of approximately 700 μm, which is much smaller than the contact width of the friction pair (2 mm). This is mainly because under flat contact, the penetration of the lubricating oil into the inner area becomes more difficult so the inner area suffered more serious wear due to poorer lubrication. The main features of the wear scar are the scratches along the relative sliding direction (Figure 13(a) ). In artificial seawater, the wear scar was obviously aggravated compared to that in oil. In addition, the wear surface was corroded in the seawater as evidenced by the corrosion flaking pits (Figure 13(b) ). The distribution of corrosion products can not only separate the contact area of upper and lower specimen, but also show a lubricating effect by acting as solid lubricants [42] . Figures 11 and 12 indicate that the TiCN coating reduces the wear rate significantly, especially in oil. The blade bearing works in oil so it can be inferred that if the TiCN coating is prepared and added to the blade bearing, the service life will be significantly prolonged.
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In previous studies, we have studied the optical features of CuNiAl in oil and artificial seawater [40] . As shown in Figure 13 , in oil, the wear occurs mainly at the inner area of the friction interface with the wear scar that has a width of approximately 700 μm, which is much smaller than the contact width of the friction pair (2 mm). This is mainly because under flat contact, the penetration of the lubricating oil into the inner area becomes more difficult so the inner area suffered more serious wear due to poorer lubrication. The main features of the wear scar are the scratches along the relative sliding direction (Figure 13(a) ). In artificial seawater, the wear scar was obviously aggravated compared to that in oil. In addition, the wear surface was corroded in the seawater as evidenced by the corrosion flaking pits (Figure 13(b) ). The distribution of corrosion products can not only separate the contact area of upper and lower specimen, but also show a lubricating effect by acting as solid lubricants [42] . The wear scars of the TiCN coating in oil are shown in Figure 14 . The wear of the coating surface is very slight at 43 N and 86 N (Figure 14a ) with only some parallel abrasive wear marks able to be observed. These wear marks are considered to be caused by the particles falling off the surfaces, which subsequently causes a scratching effect on the surface that is embedded in the surface during the sliding process. The wear obviously increases at 106 N (Figure 14b ) but the wear scar area of the TiCN coating is still much smaller than that of CuNiAl, indicating that the TiCN coating has a significantly better anti-wear property than the CuNiAl. The optical morphology of the TiCN coating worn surface in artificial seawater is shown in Figure 15 , which demonstrates that both the worn surface area and the wear scar width are much larger than that in oil. Thus, there is a significant increase in the wear degree compared to that in oil.
The wear scars of the TiCN coating in oil are shown in Figure 14 . The wear of the coating surface is very slight at 43 N and 86 N (Figure14 (a) ) with only some parallel abrasive wear marks able to be observed. These wear marks are considered to be caused by the particles falling off the surfaces, which subsequently causes a scratching effect on the surface that is embedded in the surface during the sliding process. The wear obviously increases at 106 N (Figure 14 (b) ) but the wear scar area of the TiCN coating is still much smaller than that of CuNiAl, indicating that the TiCN coating has a significantly better anti-wear property than the CuNiAl. The optical morphology of the TiCN coating worn surface in artificial seawater is shown in Figure 15 , which demonstrates that both the worn surface area and the wear scar width are much larger than that in oil. Thus, there is a significant increase in the wear degree compared to that in oil. The worn surfaces were further observed under the SEM for wear mechanism analysis. Figure  16 presents the SEM micrographs of the TiCN coating in oil. According to the previous study [16] , the wear mechanisms in the presence of an oil lubricant that are responsible for causing damage to the coating layer can be classified into two groups of polishing and abrasion. In the inner area, the worn surface seems smoother than the unworn surface, indicating that the polishing wear dominated. At the edge part, delamination occurred. Furthermore, a considerable number of deep, abrasive marks can be observed along the fretting direction due to the abrasive action. It is generally believed that these marks are produced by the action of tiny fracture coating particles that are entrapped in the fretting area and act as indentures [16] . The wear scars of the TiCN coating in oil are shown in Figure 14 . The wear of the coating surface is very slight at 43 N and 86 N (Figure14 (a) ) with only some parallel abrasive wear marks able to be observed. These wear marks are considered to be caused by the particles falling off the surfaces, which subsequently causes a scratching effect on the surface that is embedded in the surface during the sliding process. The wear obviously increases at 106 N (Figure 14 (b) ) but the wear scar area of the TiCN coating is still much smaller than that of CuNiAl, indicating that the TiCN coating has a significantly better anti-wear property than the CuNiAl. The optical morphology of the TiCN coating worn surface in artificial seawater is shown in Figure 15 , which demonstrates that both the worn surface area and the wear scar width are much larger than that in oil. Thus, there is a significant increase in the wear degree compared to that in oil. The worn surfaces were further observed under the SEM for wear mechanism analysis. Figure  16 presents the SEM micrographs of the TiCN coating in oil. According to the previous study [16] , the wear mechanisms in the presence of an oil lubricant that are responsible for causing damage to the coating layer can be classified into two groups of polishing and abrasion. In the inner area, the worn surface seems smoother than the unworn surface, indicating that the polishing wear dominated. At the edge part, delamination occurred. Furthermore, a considerable number of deep, abrasive marks can be observed along the fretting direction due to the abrasive action. It is generally believed that these marks are produced by the action of tiny fracture coating particles that are entrapped in the fretting area and act as indentures [16] . The worn surfaces were further observed under the SEM for wear mechanism analysis. Figure 16 presents the SEM micrographs of the TiCN coating in oil. According to the previous study [16] , the wear mechanisms in the presence of an oil lubricant that are responsible for causing damage to the coating layer can be classified into two groups of polishing and abrasion. In the inner area, the worn surface seems smoother than the unworn surface, indicating that the polishing wear dominated. At the edge part, delamination occurred. Furthermore, a considerable number of deep, abrasive marks can be observed along the fretting direction due to the abrasive action. It is generally believed that these marks are produced by the action of tiny fracture coating particles that are entrapped in the fretting area and act as indentures [16] . Figure 17 presents SEM micrographs of the TiCN coating in the seawater. It can be seen that there is a serious worn area that is about 300 μm wide. Many cracks are generated and some of the coatings have peeled off the surface due to delamination. With the strain hardening of worn surface, delamination occurs during the fretting process due to the nucleation and expansion of subsurface cracks. Besides, the Cl − ions in the seawater can be destructive on the passivation layer and the coating surface [32] . During wear, the coating was activated and anodic dissolution happened in the electrolyte, resulting in corrosion damage. Thus, the wear mechanism was a coexistence of mechanical wear and tribochemical wear. :(a) Macro morphology; (b) Edge part; (c) Central part.From the wear scar observation, it can be seen that after 60,000 fretting cycles, the wear of the TiCN coating is very slight in oil but slightly serious in artificial seawater. Thus, it is more suitable to use the coating in oil than in seawater. As the blade bearing works in oil in the real application, it can be seen that the TiCN coating is suitable to be used for the fretting wear alleviation of the blade bearing. Figure 17 presents SEM micrographs of the TiCN coating in the seawater. It can be seen that there is a serious worn area that is about 300 µm wide. Many cracks are generated and some of the coatings have peeled off the surface due to delamination. With the strain hardening of worn surface, delamination occurs during the fretting process due to the nucleation and expansion of subsurface cracks. Besides, the Cl − ions in the seawater can be destructive on the passivation layer and the coating surface [32] . During wear, the coating was activated and anodic dissolution happened in the electrolyte, resulting in corrosion damage. Thus, the wear mechanism was a coexistence of mechanical wear and tribochemical wear. Figure 17 presents SEM micrographs of the TiCN coating in the seawater. It can be seen that there is a serious worn area that is about 300 μm wide. Many cracks are generated and some of the coatings have peeled off the surface due to delamination. With the strain hardening of worn surface, delamination occurs during the fretting process due to the nucleation and expansion of subsurface cracks. Besides, the Cl − ions in the seawater can be destructive on the passivation layer and the coating surface [32] . During wear, the coating was activated and anodic dissolution happened in the electrolyte, resulting in corrosion damage. Thus, the wear mechanism was a coexistence of mechanical wear and tribochemical wear. :(a) Macro morphology; (b) Edge part; (c) Central part.From the wear scar observation, it can be seen that after 60,000 fretting cycles, the wear of the TiCN coating is very slight in oil but slightly serious in artificial seawater. Thus, it is more suitable to use the coating in oil than in seawater. As the blade bearing works in oil in the real application, it can be seen that the TiCN coating is suitable to be used for the fretting wear alleviation of the blade bearing. :(a) Macro morphology; (b) Edge part; (c) Central part.From the wear scar observation, it can be seen that after 60,000 fretting cycles, the wear of the TiCN coating is very slight in oil but slightly serious in artificial seawater. Thus, it is more suitable to use the coating in oil than in seawater. As the blade bearing works in oil in the real application, it can be seen that the TiCN coating is suitable to be used for the fretting wear alleviation of the blade bearing. Figure 18 shows the EDX patterns of the TiCN coating ( Figure 16 , Point A and B) in oil. It indicates that compared with the unworn zone, the Fe content increased from 0.82% to 45.89% in the worn zone while the Cr content increased from 0.06% to 0.41%, indicating that material transfer occurred from the upper specimen to the lower specimen. The S element was 1.97% on the worn surface but not detected on the original coating surface, which indicates the absorption of S on the worn surface from the lubricant.
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Conclusions
With comparison to the uncoated CuNiAl, the fretting wear of PVD TiCN coating was studied experimentally under different test conditions. The main conclusions obtained are as follows: 
With comparison to the uncoated CuNiAl, the fretting wear of PVD TiCN coating was studied experimentally under different test conditions. The main conclusions obtained are as follows:
•
The friction torque of CuNiAl was lower than that of TiCN coating in artificial seawater. This was because the CuNiAl produced more wear debris, which played the role of a solid lubricant to reduce the friction.
Compared with CuNiAl, the TiCN coating reduced the wear volume by 97.6% and 62.3% in oil and artificial seawater, respectively, which was mainly attributed to an increase in surface hardness.
In oil, the sulfates and phosphates can prevent adhesion between the friction pair and reduce the friction and wear. The worn surface was characterized by polishing wear. In artificial seawater, the wear mechanism was a combination of cracks, delamination and corrosion wear.
• Through comprehensive research on the friction and wear properties, the PVD TiCN coating was determined to more suitable for the alleviation of fretting wear, which happens under the oil lubrication (such as the blade bearing).
